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The production of renewable fuels by the conversion of solar energy into chemical energy is a 
challenge. Photocatalytic and electrocatalytic conversion of CO2 to usable fuel precursors are 
approaches to overcoming this challenge. The two-electron reduction of carbon dioxide to 
carbon monoxide is an appealing process because CO can be used as a commodity chemical in 
industrial processes. Many molecular CO2 reduction catalysts have been reported and commonly 
use expensive late transition metals. These systems are inspired by natural photosynthesis and 
generally combine a photosensitizer, a catalyst, and a sacrificial electron donor. This work 
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NICKEL(II) PINCER COMPLEXES DEMONSTRATE THAT THE REMOTE 
SUBSTITUENT CONTROLS CATALYTIC CARBON DIOXIDE REDUCTION 
Chem. Commun., 2018,54, 3819-3822 - Reproduced by permission of The Royal Society of 
Chemistry. 
Dalton B. Burks synthesized one of the nickel complexes with the guidance from Elizabeth 
Papish. 
Shakeyia Davis performed the photocatalytic and electrocatalytic experiments with guidance 
from Jared Delcamp. 
Robert Lamb performed the computational studies with guidance from Charles Edwin Webster. 
Roberta Rodrigues assisted in performing photocatalytic experiments. 
Nalaka Liyanage assisted in performing electrocatalytic experiments. 
Xuan Liu synthesized one of the nickel complexes with guidance from Yujie Sun. 
  The first example of a CNC pincer ligand with a central pyridinol ligand is reported in a 
nickel(II) complex. This metal complex can be protonated or deprotonated reversibly in situ to 
switch on or off the photocatalytic performance towards CO2 reduction. The O- substituent 
appears essential for catalysis. 
Solar fuels via CO2 reduction to form CO are potentially renewable and sustainable, if the 
problem of designing a robust and active catalyst can be overcome.1 This work deals with the 
impact of changes in remote functional groups on catalyst activity. Specifically, we are 
investigating the role of protic π donors (OH groups) on the activity of nickel(II) complexes.
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Direct electrocatalytic reduction of CO2 to CO2- is an energetically demanding process (-1.99 V 
vs. SHE in H2O at pH 7).
2 In practice, proton coupled electron transfer (PCET) can provide a 
lower energy pathway to CO formation (CO2 + 2e
- + 2H+ → CO + H2O at -0.52 V vs. SHE in 
H2O at pH 7). Importantly, PCET processes can be accelerated by having protic ligands near the 
metal center of the catalyst.3 The catalyst also lowers the activation barrier for this reaction and 
can select for CO formation vs. other multi-electron products (HCO2H at -0.61 V, HCHO at -
0.49 V, CH3OH at -0.38 V and CH4 at -0.24 V vs. SHE in H2O at pH 7).
2,4 
Chemists are still learning how to predict when a change in a remote substituent will 
greatly impact catalytic rates and catalyst longevity. This is especially true in the area of CO2 
reduction by both electrochemical and photochemical methods. Hydroxy (OH) groups (via 
covalently attached phenols) have been added to iron porphyrin-based catalysts and have resulted 
in improved turnover frequencies (TOFs) for electrocatalytic CO2 reduction due to an increased 
local concentration of protons.5 However, in the case of photocatalytic CO2 reduction using these 
same phenol substituted iron complexes, these catalysts were prone to decomposition.6 Similarly, 
a phenol group on the ligand is beneficial in electrocatalytic CO2 reduction with a manganese(I) 
catalyst; again the OH group is thought to facilitate proton transfer and play a key mechanistic 
role.7 In contrast, the use of the 4,4’- or 6,6’ dihydroxybipyridine (dhbp) ligand with Re(I) or 
Ru(II) complexes has illustrated that in this specific case, proximal hydroxyl groups are 
detrimental to electrocatalytic CO2 reduction, and in fact the 6,6’-dhbp complexes only gives 
minimal activity (TON = 1 or less) with competing decomposition.8,9 Nonetheless, proximal OH 
groups (in bidentate10 and tridentate11 ligands) are generally beneficial in metal catalysts for the 
hydrogenation of CO2
12–14 and other substrates. With these studies in mind, it was unclear at the 
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outset of our work herein whether pyridinol derived pincers would enhance or reduce 
photodriven catalytic CO2 reduction activity with nickel(II). 
N-heterocyclic carbene (NHC) and pyridine rings have been combined to make bidentate, 
tridentate pincer, and tetradentate ligands for metal catalysts that are highly active for CO2 
reduction15–19 and other reactions. Focusing on the group 10 metals,20 tetradentate NCCN ligands 
bind to Ni(II) and form highly efficient photodriven catalysts for CO2 reduction to CO.
15 Because 
pincer ligands often form highly active catalysts with earth-abundant metals, we aimed to affix a 
pyridinol-NHC pincer ligand to a Ni metal center. Thus, we can evaluate the effect of 
modulating electron density at the metal center with a π electron donor group (O-) at the para (to 
Npy) position.21 As shown below, this simple change converts inactive complexes to active 
photocatalytic systems. 
Papish et al. recently reported a bidentate ligand that was the first to combine the NHC 
and pyridinol moieties, and these ligands supported Ir(III) and Ru(II) complexes that were 
studied for catalytic CO2 hydrogenation.
12 However, thus far, no one has combined NHC and 
pyridinol derived rings on a pincer scaffold until our recent report that ruthenium complex 1 
(Fig. 1) is an efficient catalyst for CO2 reduction to CO. Complex 1 is a robust catalyst with 
selective formation of CO; in contrast complex 2, with the unsubstituted pincer, is inactive. 
These recently reported results illustrate that a remote methoxy group can greatly enhance 
photocatalysis.22 In this work, we aimed to use these new CNC pincer ligands with Ni(II), an 




Fig. 1 (a) Ru(II) photocatalysts (1: TON = 250, 2: TON = 3) for CO2 reduction
22 and (b) Ni(II) 
complexes 3 and 4.23 
 The synthesis of the nickel(II) complex 3 begins with the carbene precursor L (used here 
as the PF6
- salt) which we recently reported (Scheme 1).22 The synthesis of Ni(II) pincer 
complexes typically involves high heat (~160 °C) in several literature procedures.24 Following 
these procedures, treatment of L with Ni(dme)Cl2 in the presence of Na2CO3 as the base in 
DMSO resulted in loss of a methyl group to form the O- substituted ligand in 29% yield (Scheme 
1). It appears that high heat as well as excess free chloride resulted in methyl loss as methyl 
chloride, as our reaction conditions resemble known methods for deprotection of phenol derived 
ethers.25 Complex 3 is neutral with Ni(II) ligated by a chloride and an anionic pincer. 3 was fully 
characterized by 1H-NMR, IR, MS, and EA. The IR spectrum shows a peak at 1568 cm-1 which 
is consistent with C=O character. This complex has limited solubility in most solvents, but it can 
be studied in aprotic organic solvents like DMSO and CH3CN. Complex 3 can be reversibly 
protonated to form cation 3A. For example, in DMSO, triflic acid can protonate 3 and then 
proton sponge can be used to deprotonate 3A as followed by UV-vis or 1H-NMR spectroscopy 
(Fig. S14 and S21, respectively, ESI†). Acetic acid (pKa = 12.3 in DMSO) appears to be too 
weak of an acid to protonate 3. These results show that the pKa of 3A is between zero and ~10 in 
DMSO. With the addition of sulfamic acid (pKa = 6.5 in DMSO), an equilibrium between 3 and 
3A is reached as observed by UV-vis spectroscopy (Fig. S13, ESI†). This equilibrium constant 
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was used to calculate the pKa (3A) = 5.4(4) (cf. computationally we predicted a pKa value of 3.9 
in DMSO, see the ESI†). 
 
Scheme 1 Synthetic route to catalyst 3 and reversible protonation of 3 to give the acidic form, 
3A. 
 One could reasonably expect that a deprotonated oxygen would allow for a more 
electron-rich pyridyl ring, which could then donate more electron density to the metal center. 
Natural Atomic Orbital (NAO)26 analysis was used to compare atomic charges between species. 
Upon deprotonation of 3A to produce 3, there is an increase in the negative charge on the O atom 
(+4%), the Npy atom (+5%), and the nickel atom (+2%), indicating that the protonation state does 
have an effect on the charge of the metal center. Along with the change in the atomic charges, 
the C–O distance decreases from 1.33 Å in 3A to 1.25 Å in 3. As expected with this decrease in 
bond length, the computed harmonic stretching frequency (ωCO) shifts from 1513 cm-1 in 3A to 
1609 cm-1 in 3, reflecting the increase in the carbonyl C–O bond order. Experimentally the C–O 
stretch shifts from 1448 cm-1 in 3A to 1568 cm-1 in 3. The changes in atomic charges and 
computed ωCO are also reflected in deprotonation of the CNC-Ni fragment. 
Complex 3 was evaluated for the electrocatalytic reduction of CO2 via cyclic 
voltammetry (CV) experiments to compare with known electrocatalyst 4.23 Similar to catalyst 4, 
a catalytic current increase was apparent for complex 3 at the third reduction wave (wave onset 
at -2.2 V vs. Fc+/Fc; icat/ip = 6) when CV scans under argon and CO2 atmospheres were 
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compared (Fig. 2). Upon addition of a proton source (H2O) the current under CO2 diminishes 
substantially, nearing the current observed at the third reduction wave under argon. This result 
suggests 3 is operating under a reductive disproportionation mechanism to give CO and CO3
2- as 
the products (product analysis below) from CO2. 
 Through the use of a photosensitizer (PS), nickel complexes are known to 
photocatalytically reduce CO2.
15,27,28 Typically, the PS is first photoexcited to generate a 
reducing species, which subsequently accepts an electron from a sacrificial donor (SD, Fig. S4, 
ESI†). The reduced PS then can transfer an electron to the Ni catalyst, which may interact with 
CO2 before accepting a second electron to reduce CO2 to CO along with formation of H2O or 
CO3
2- (in the presence or absence of H+, respectively). 
 Specifically, Ir(ppy)3 [tris(2-phenylpyridine)iridium(III)] was selected as the PS due to its 
high photostability, reversible reduction and a potent reduction potential (-2.59 V vs. Fc+/Fc, 
Fig. 3).19 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH) was used as a SD 
because it is readily oxidized and is known to react with Ir(ppy)3 during photolysis. We note that 
the Ir(ppy)3/BIH system is energetically favourable for the transfer of an electron to the first 




Fig. 2 CVs of 3 under argon, CO2, and CO2 with added water. The electrolyte is 0.1 M Bu4NPF6 
in CH3CN with a glassy carbon working electrode, Ag/AgCl reference, and Pt counter 
electrodes. Each CV is a fresh solution of complex 3 (~0.1 mM, saturation limit). 
  
Fig. 3 An energy level diagram with each catalyst, an estimated reduction potential range for 
CO2, the PS, and each SD. Figure values are estimated from the onset of reduction waves as 
measured by CV (Fig. S5, ESI†) 
However, there is a notable difference in driving force (550 mV) for electron transfer from 
complex 3 to CO2 versus from complex 4 to CO2 from the third catalyst reduction potential. In 
an acetonitrile solution with Ir(ppy)3, BIH, and triethylamine (TEA) saturated with CO2, 
complex 3 gives 10.6 turnovers (TON; moles CO/moles complex) when irradiated with a solar 
simulator to approximate natural sunlight over a six-hour period (Table 1 and Fig. 4). After 6 h 
of irradiation CO production ceases. Under identical conditions, complex 4 gives a TON of only 
0.09. This difference in TON highlights the critical role of a remote O- group in allowing for 
higher catalyst activity. Changing the solvent to DMF leads to a similar TON of 9.0 (Table 1, 
entry 3) for complex 3 and only 0.5 TON for complex 4. When TEA was removed, the TON 
value for complex 3 dropped dramatically (Table 1, entry 5). TEA may serve multiple roles in 
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the photocatalytic reduction of CO mixture (electron source, proton source after electron transfer, 
base). However, TEA is thermodynamically poorly positioned to serve as a SD (and thus as a 
proton source) which suggests the primary role of TEA is as a base (Fig. 3). Proton sponge is a 
surrogate base with a similar basicity to TEA (pKa values are 9.00 and 7.50 in DMSO for the 
conjugate acids of TEA and proton sponge, respectively), but it has a dramatically higher energy 
oxidation potential of -0.15 V exceeding that of BIH (Fig. S6, ESI†). Reactions with proton 
sponge gave a TON of 5.6 with complex 3, which suggests one of the primary roles of TEA is to 
serve as a base because the added electron donation strength of proton sponge did not improve 
the TON value (Table 1, entry 6). To test the effect of acid on photocatalysis with 3, triflic acid 
(TfOH) was added as a strong acid and gave low reactivity (0.9 TON, Table 1, entry 7). This 
result highlights the importance of keeping the strongest acid in the solution at a relatively high 
pKa value. The protonated complex 3A is likely a poor catalyst due to the diminished electron 
donor strength from the OH group as evidenced through CV studies revealing 3A is 550 mV 
lower in energy to reduce than 3 (Fig. 3 and Fig. S5, ESI†). Negative controls including the 
removal of Ir(ppy)3, BIH, CO2, or complex 3 produced <1 TON. Similarly, with 3 in the dark 
and all reaction components present, no CO is produced. Thus, all reaction components are 
needed and the observed CO is from photocatalytic CO2 reduction. Additionally, the Hg-poison 




a Standard conditions: 0.1mM Ni-complex, 0.1 mM Ir(ppy)3, 11mM BIH, 0.1 mL TEA, 1.9 mL 
MeCN, room temperature, and 150 W Xenon Lamp with an AM 1.5G filter for solar simulation. 
The rate of reactivity of complex 3 was found to consistently give a turnover frequency 
(TOF; TON/time) of ~2.2 h-1 for the first 4 hours before CO production slowed at 5 hours and 
ceased by 6 hours (Fig. 4). The difference in CO produced in MeCN versus DMF is largely due 
to ~30 additional minutes of sustained catalysis with MeCN as the initial rates over the first 
4 hours are near identical. Providing the active catalyst results from dissociation of the Cl- ligand 
on complex 3, the similar rates in DMF and MeCN suggest this coordination site is not 
strongly associated with either solvent. 
 
Fig. 4 Turnover number versus time plot for photocatalytic reactions with complexes 3 and 4. 
Computational studies (Fig. 5 and Fig. S28, S29, S31–34, ESI†) show that removal of 
chloride from 3A0 produces fragment 5A and from 3- produces fragment 5. After deprotonation 
of 5A to produce 5, there is an increase in the negative charge on the O atom (+6%), the Npy 
atom (+6%), and the nickel atom (+6%). Furthermore, because coordination of CO2 to the metal 
is a necessary step in catalysis, the relative energies of CO2 binding to fragments 5A (protonated) 
and 5 (deprotonated) were investigated (Fig. S32 and S33, ESI†). Starting with coordinatively 
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unsaturated 5A, attempts to locate a structure with CO2 coordinated to the nickel were 
unsuccessful. The resulting complex, 6A, is a van der Waals complex (monopole/induced dipole) 
that has a Ni–CCO2 distance of 3.32 Å and a nearly linear OCO bond angle (179.31°). In the 
case of the analogous deprotonated complex (5), the van derWaals complex exists (6); however, 
more importantly, a structure (7) with CO2 bound to nickel can be located (Ni–CCO2 = 2.04 Å). 
The charge of the CO2 unit in complex 7, which has bound CO2, is -0.301. Furthermore, the 
charge of the CO2 unit in complex 6A (0.0074) is nearly zero (the sum of the NAO charges in 
free CO2). These results suggest a plausible explanation for how protonation state influences the 
ability of the catalyst to reduce CO2 to CO. Furthermore, the pincer ligand is less electron rich in 
complex 4 (cf. 3A with OH) because it lacks an electron donor group, which may explain the 
photocatalytic inactivity. Via CV studies it is clear that the reduction potential of 3A is 
dramatically shifted more positive from that of 3 (Fig. 3 and Fig. S5, ESI†). In contrast 3 (O- 
group) is active with greater electron density supplied from the pincer to Ni. 
   
Fig. 5 Computational study of CO2 reduction from two different protonation states. Relative 
energies are in blue. 
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In summary, a surprising effect from a single remote atom change from a hydrogen (in 4) 
to an oxygen anion (in 3) on the pincer CNC ligand resulted in a dramatic increase in catalyst 
reactivity, effectively turning on CO2 reduction. Sustained photocatalytic reactivity was observed 
for complex 3 in the presence of a photosensitizer for the first 6 hours. This study highlights the 
importance of careful remote substituent selection as a single atom substitution on a ligand can 
render an active complex completely inactive. Furthermore, these are switchable catalysts that 
can be “turned off” or “turned on” by manipulating the concentration of protons in solution. 
We gratefully acknowledge financial support from the US National Science Foundation 









PHOTOCATALYTIC CO2 REDUCTION WITH AU(I) COMPLEXES 
 The shortage of carbon and energy sources is a serious global concern. To solve this 
problem, there has been interest taken in the conversion of solar energy to chemical energy using 
photocatalysts that reduce CO2 to usable fuel precursors such as CO.  Because CO can be 
utilized directly as a fuel or commodity chemical in industrial processes, the two-electron/two-
proton reduction of CO2 to CO is an appealing process. If the problems of robustness of catalyst 
and selectivity can be overcome, solar fuels have the potential to be renewable and sustainable.1  
There a number of complexes that reduce CO2 to CO in photocatalytic systems.  This 
work studies five Au complexes that are capable of reducing CO2 to CO. To the best of our 
knowledge, it is the first time mononuclear Au complexes are reported to reduce CO2 to CO 
homogeneously.2-3 Of the five complexes studied in this work, four of them have phosphine 
ligands, and the other has an NHC ligand, which can be seen in Figure 1. 
  
Figure 1 Structures of Au(I) complexes. 
The complexes were evaluated for the reduction of CO2 electrocatalytically via cyclic 
voltammetry (CV). The standard reduction potential of a chemical species measures the tendency
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of the species to accept an electron and therefore be reduced.  The CV scans were done under 
both argon and CO2 atmospheres. With each of the complexes, there is a current increase under 
CO2 atmosphere when compared with argon atmosphere. For complex 1, there is an apparent 
increase in current when comparing the two atmospheres. The reduction wave onsets at -2.6 V 
vs. Fc/Fc+ (overpotential of 530 mV) with a TOF of 4 s-1. The reduction potentials under argon 
and CO2, overpotential, and TOF of each of the complexes are listed in Table 1.  
 
Fig. 2 Cyclic voltammetry of 1-5 under argon and CO2. The electrolyte is 0.1 M Bu4NPF6 in 
CH3CN with a glassy carbon working electrode, Ag wire reference, and Pt counter electrode.
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Table 1 CV data of complexes 1-5. 
 
These complexes were also tested for photocatalytic CO2 reduction in the presence of a 
photosensitizer (PS). These complexes are shown to photocatalytically reduce CO2 to CO. In 
photocatalytic CO2 reduction, the PS usually gets photoexcited first to generate a reduced 
species, which can then accept an electron from the sacrificial donor (SD). The reduced PS then 
gives an electron to the Au complex, which may interact with CO2 first before accepting another 
electron and reducing CO2 to CO.  
In this study, Ir(ppy)3 [tris(2-phenylpyridine)iridium(III)] was selected as the 
photosensitizer because of its high photostability and reversible reduction.4 BIH (1,3-Dimethyl-
2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole was used as the sacrificial donor. BIH is easily 
oxidized, and it has the excited state reduction potential position favorable to reduce Ir(ppy)3 
during photocatalysis. 
Photocatalytic reaction general procedure: To a 17 ml Pyrex glass tube was added BIH 
(0.005g, 0.02 mmol), TEA (0.1 ml, 0.7 mmol), catalyst (0.2 ml from 1.0 × 10-3M in MeCN 
solution), and Ir(ppy)3 (0.2 ml from 1.0 × 10
3 M in MeCN). The total volume was brought to 2 
ml by addition of pure MeCN. The tube was marked and an additional 3 ml of MeCN was added, 
and the tube was sealed with a 19/22 septum. The solution was then degassed with CO2 for 15 
minutes to reduce the solution volume to 2 ml. After degassing, the sample was irradiated with a 











1 -3.1 -3.1 530 4 
2 -2.8 -2.9 740 0.7 
3 -3.1 -3.0 590 1.0 
4 -2.9 -3.0 600 2 




40 minutes, 1 hour, 2 hours, 4 hours, and 5 hours until CO production ceased. The analysis of the 
samples was performed through the use of an Agilent Technologies 7890B GC system with a 
methanizer before an FID detector. 
In an acetonitrile solution with BIH, triethylamine (TEA), and Ir(ppy)3 saturated with 
CO2, complex 1 gives 5 turnovers (TON; moles CO/moles catalyst). Solutions were irradiated 
with a solar simulated spectrum set to 1 sun (150 W Xe lamp, AM 1.5G filter) over a five-hour 
period (Table 2 and Figure 3). After five hours of irradiation, CO production ceases. Under the 
same conditions, complexes 2, 3, 4, and 5 give TON of 2, 0, 2, and 2 respectively (Table 2). 
 
Fig. 3 Complexes 1-5 TON versus time plot for CO production. Reactions are run after vigorous 
bubbling with CO2 for 15 minutes with 0.2 μmol catalyst, and 0.2 mmol BIH in 2 mL of a 5% 
TEA/MeCN solution. Solutions are irradiated with a solar simulated spectrum set to 1 sun (150 
W Xe lamp, AM 1.5G filter).  
Table 2 Photocatalytic CO2 reduction of complexes 1-5. 
 
Entry Complex Change TONmax 
1 1 None 5 
2 2 None 2 
3 3 None 0 
4 4 None 2 




 The complex 1 gave the highest TON for CO production and was chosen for further 
system optimization (Table 3). Changing the solvent from MeCN to DMF gave a TON of 7 
(Table 3, entry 2). When TEA is not present, the TON dropped about half (Table 3, entry 6). 
This is because TEA is needed to give another electron to the system. Without the presence of a 
PS, the complex gave a TON of 0.1 (Table 3, entry 8), showing that the complex is not self-
sensitized. The PS is needed for the complex to do catalysis. Changing the PS from Ir(ppy)3 to 
Ru(bpy)3
2+ drastically diminished the performance of the complex giving a TON of 0.4 (Table 3, 
entry 5), whereas with Ir(ppy)3 as the PS the TON was 5. A quantum yield analysis was done on 
this system to determine the percentage of CO being produced when catalysis occurred the 
fastest, which was during the first hour. The quantum yields for each of the complexes are listed 
in Table 4.   
Table 3 Photocatalytic CO2 reduction of complex 2 under various conditions. 
 
Table 4 Quantum Yield for CO production at 1 hour 
  
Entry Complex Change TONMax 
1 1 None 5 
2 1 No CO2 0 
3 1 DMF as solvent 7 
4 1 No BIH 0 
5 1 Ru(bpy)3 as PS 0.4 
6 1 No TEA 3 
    7 1 No Au 0 
8  1 No Ir(ppy)3 0.1 
 
Entry Complex Average mmol CO Molecules CO QY (%) 
1 1 0.00063254 3.80916×1017 0.103 
2 2 0.00015826 9.53042×1016 0.026 
3 3 0.00000751 4.52252×1015 0.001 
4 4 0.00015006 9.03661×1016 0.025 




Upon completion of the photocatalytic reaction, formate analysis was done. 0.8 mL of the 
reaction solution was taken into a syringe and added to a 4 mL vial. To this 36 μL of Verkade’s 
Triisobutyl Superbase was added. The mixture was sonicated for 10 minutes at room 
temperature. 1.16 mL of a d3-MeCN ferrocene solution (1.19 mM concentration) was added to 
the mixture. The vial was thoroughly mixed, then an NMR spectrum was taken on a 500 MHz 
NMR or 300 MHz NMR with an extended D1-delay of 10 seconds and a minimum of 200 scans. 
The ratio of the formate peak (~8.7 ppm) and the ferrocene peak (~4.2 ppm, see below) were 
then compared to a calibration curve generated through the analysis of known concentrations of 
formate (0.0 mM, 0.1 mM, 1.0 mM, and 10.0 mM solutions). Figure 4 shows the NMR spectrum 
for formate analysis of complex 2. In this spectrum, we see that no formate was made during the 
photocatalytic reaction. 
  
Fig. 4 Formate NMR spectrum for complex 2 
18 
 
Metathesis reactions with different silver salts were done with complex 2 to evaluate if by 
changing the counter anion TON would increase. Complex 2 was chosen because it is most 
similar to complex 1. The difference between the two is the counter anion and the toluene 
adduct. Another part of the study was to evaluate the effect of the toluene adduct on the ability of 
complex 1 to reduce CO2 to CO. The silver salts that were used are AgTFSI, AgBF4, AgOTf, and 
AgSbF6. Initially, the metathesis reactions were done with acetonitrile as the solvent. The first 
silver salt to be evaluated was AgTFSI. A 1.0 × 10-3 M in 6 ml MeCN solution of the catalyst 
was made, and the AgTFSI was added (0.002 g, 0.005 mmol). Then the solution was stirred at 
room temperature for 1 hour. Photoreactions were done with the complex after the metathesis 
reactions were complete. 0.2 ml of the solution, which was the catalyst, was added to a 17 ml 
Pyrex glass tube and the remainder of general procedure for photocatalytic reactions was 
followed. Without filtering (Table 4, entry 1), the complex gave a TON of 1, and with filtering, 
(Table 4, entry 2), the complex gave a TON of 3.  
The hypothesis is that during the metathesis reactions with acetonitrile as the solvent, 
acetonitrile was coordinating to the complex instead of the counter ion from the silver salts. To 
probe our hypothesis, the solvent was changed to dichloromethane (DCM), which is a non-
coordinating solvent. To perform the metathesis reactions, 25 mg (0.05 mmols) of complex 2 and 
25 mg (0.06 mmols) of the silver salt was added to a vial followed by the addition of 10 ml of 
DCM. After adding the solvent, the solution was stirred for 30 minutes at room temperature. 
Once stirring was stopped, the reaction mixture was syringe filtered then filtered through celite. 




Scheme 1 Metathesis reaction of complex 2 
 
The metathesis product of complex 2 and AgTFSI after photocatalysis yield 5 TON 
(Table 4, entry 3), which matched that of complex 1. This was evidence that non-coordinating 
solvents must be used for this metathesis reaction. Complex 2 with AgBF4 as the counter anion 
gave the record of 7 TON for this system (Table 4, entry 4). 
Since the TON of the metathesis reaction of complex 2 and AgTFSI was the same as that 
of complex 1, AgTFSI was chosen as the silver salt to use in the metathesis reactions of 
complexes 3 and 4. The metathesis reaction of complex 3 and AgTFSI afforded a TON of 1 
(Table 4, entry 7), which is a slightly higher than that of the original complex (TON: 0; Table 2, 
entry 3). With complex 4, there was again a small increase in the TON from the original 
complex. The complex after metathesis gave a TON of 3 (Table 4, entry 8), whereas the original 
complex gave a TON of 2 (Table 2, entry 4). Over all, the counter anion exchange had beneficial 
effects to the complexes and their ability to reduce CO2. 
Table 5 Metathesis conditions of complexes 2-4. 
 
Entry Complex Metathesis Conditions TONMax 
1 2 AgTFSI, MeCN, no filter 1 
2 2 AgTFSI, MeCN, syringe 
filter 
3 
3 2 AgTFSI, DCM, syringe filter 5 
4 2 AgBF4, DCM, syringe filter 7 
5 2 AgOTf, DCM, syringe filter 3 
6 2 AgSbF6, DCM, syringe filter 0 
7 3 AgTFSI, DCM, syringe filter 1 




In conclusion, we have shown that Au(I) complexes can photocatalytically reduce CO2 to 
CO in the presence of PS. The photocatalytic reactivity of complex 1 was sustained for the first 5 
hours of irradiation. This study shows that exchanging the counter anions of the complexes has 
beneficial effects on the complexes and their ability to reduce CO2 to CO. We learned that the 
phenyl-phosphine ligands were more active than the NHC ligand (complex 4, TON:0). These 
complexes are to the best of our knowledge the first examples of homogeneous Au catalysts that 
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Photocatalysis General Information. A 150 W Sciencetech SF-150C Small Collimated Beam 
Solar Simulator equipped with an AM 1.5 filter was used as the light source for the 
photocatalytic experiments. Head space analysis was performed using a VICI gas tight syringe 
with stopcock and a custom Agilent 7890B Gas Chromatography instrument equipped with 
Agilent PorapakQ 6ft, 1/8 O.D. column. Quantitation of CO and CH4 were made using an FID 
detector, while H2 was quantified using a TCD detector. All calibrations were done using 
standards purchased from BuyCalGas.com. 
Photocatalysis Procedure. To a 17 mL vial was added BIH (0.005 g, 0.02 mmol), MeCN (6 ml, 
bulk or anhydrous), and catalyst (0.2 ml from 1 × 10 -3 M in MeCN solution). The solution was 
bubbled vigorously with CO2 for at least 15 minutes until the solution volume reached 1.9 ml 
and then 0.1 ml of degassed triethylamine or N,N,N′,N′-Tetramethyl-1,8-naphthalenediamine 
(proton sponge) was added to the mixture. The tube was sealed with a rubber septum and 
irradiated with a solar simulator. Head space samples were taken, and the pressure was adjusted 
to atmospheric pressure by pressurizing the sample (300 μL taken from the headspace then 
compressed to 250 μL) then submerging the sealed gas tight syringe into diethyl ether. The 
syringe was open, and gas was observed exiting the needle tip. The syringe was then sealed, 
removed from the diethyl ether solution and injected into the GC mentioned above. 
Cyclic Voltammetry. C-H instruments electrochemical analyzer was used to measure the CV in 
the presence of Ag/AgCl as the reference electrode, Platinum as the counter electrode and Glassy 
carbon was the working electrode and 0.1 M n-Bu4NPF6 as the supporting electrolyte. All 
electrochemical measurements were taken in anhydrous acetonitrile (or 5% water in anhydrous 
acetonitrile) at a scan rate of 100 mV/s and minimum exposure to light. For each run 
concentration of catalyst kept constant at 1 mM. Before each measurement, the solution was 
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degassed with Ar or CO2 (for ~15 min). To avoid concentration changes for the electrolyte and 
catalyst, the desired experimental solvent volume and accurate concentrations were added to the 
electrolysis cell. The solvent height in the cell was marked and, the mixture was then diluted 
with pure acetonitrile (~2 mL). The mixture was then degassed with Ar or CO2 until the solvent 
evaporated and level returned to the marked volume. During cyclic voltammetry scans, the 
sweep width window was set to approximately 100 mV past the second reduction wave peak. 
Since the catalyst is not active under dark conditions same experiments ran after exposing the 
catalyst and electrolyte solution to ambient fluorescent light in different time periods. 
1H NMR Formate Detection. Our slightly modified procedure is as follows: Upon reaction 
completion, 0.8 mL of the reaction solution was taken into a syringe and added to a 4 mL vial. 
To this 36 μL of Verkade’s Triisobutyl Superbase (CAS# 331465-71-5; 2,8,9-Triisobutyl- 
2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane). The mixture was sonicated for 10 minutes at 
room temperature. 1.16 mL of a d3-MeCN ferrocene solution (1.19 mM concentration) was 
added to the mixture. The vial was thoroughly mixed, then an NMR spectrum was taken on a 
500 MHz NMR or 300 MHz NMR with an extended D1-delay of 10 seconds and a minimum of 
200 scans. The ratio of the formate peak (~8.7 ppm) and the ferrocene peak (~4.2 ppm, see 
below) were then compared to a calibration curve generated through the analysis of known 
concentrations of formate (0.0 mM, 0.1 mM, 1.0 mM, and 10.0 mM solutions). Through this 
method, the concentration of formate could be evaluated accurately through a trendline having an 
R2 value of 0.997 and 0.999 (see below). All NMR spectra were evaluated with MestReNova 
software to ensure level baselines in the analyte region prior to integrating peaks. This method 




Figure S1: NMR formate calibration curve in d3-MeCN with ferrocene as an internal standard 
with Verkade’s base. 
GC traces for photocatalytic experiments.   
 
Figure S2: Example GC-trace for photocatalytic reaction with Catalyst 3 after 5hrs. FID 
detector is the blue trace and can detect CO and CH4. Only CO and H2 is observed. The red trace 
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is the TCD curve which can detect H2 at ~1.0 minutes (not observed is substantial quantities). 
The TCD curve shows peak only as noise in the GC spectrum from the heat ramp cycle, 
backflush, and trace O2. The y-axis is for the FID curve. 
  
Figure S3: Example GC-trace for photocatalytic reaction with Catalyst 4 after 5hrs. FID 
detector is the blue trace and can detect CO and CH4. Only CO and H2 is observed. The red trace 
is the TCD curve which can detect H2 at ~1.0 minutes (not observed is substantial quantities). 
The TCD curve shows peak only as noise in the GC spectrum from the heat ramp cycle, 
backflush, and trace O2. The y-axis is for the FID curve. 
 





Figure S5: CV of 3 and 3A. 3A was prepared in situ through the addition of 1 equivalent of 
TfOH. 
  
Figure S6: CV of proton sponge in MeCN under Ar atmosphere. 0.1 M Bu4NPF6 used as the 
supporting electrolyte and glassy carbon as the working electrode, and Pt is the counter and 
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